The release of neurotransmitter from nerve terminals is triggered by calcium entry through voltage-activated calcium channels located in the presynaptic terminal (reviewed by Katz, 1969; Augustine et al., 1987) . By determining the electrophysiological properties of presynaptic calcium channels, one may better understand the pattern of calcium entry into the nerve terminal, and thereby one of the essential steps in the release of transmitter and its modulation.
The nature of the presynaptic calcium current that underlies release from nerve terminals has been examined at the squid giant synapse (Llinas et al., 1981a,b; Charlton et al., 1982; Augustine et al., 1985a,b; Charlton and Augustine, 1990) , the calyx synapse in the chick ciliary ganglion (Stanley and Goping, 1991; Stanley, 1993; Yawo and Momiyama, 1993) and the rat neurohypophysis (Lemos et al., 1994) . In the vertebrate CNS, most presynaptic terminals at fast synapses are inaccessible, and calcium channels underlying transmitter release have been studied indirectly, by focussing on the effects of known calcium channel blockers on the postsynaptic response to released transmitter. Such studies have been conducted at intact synapses (Takahashi and Momiyama, 1993; Regehr and Mintz, 1994; Wheeler et al., 1994a) , in synaptosomes (Turner et al., 1992) , or at synapses in culture (Pfrieger et al., 1992) . These studies suggest that calcium channels sensitive to w-conotoxin GVIA (w-CgTx GVIA) or w-agatoxin IVA (w-Aga IVA) are involved in transmitter release at vertebrate central synapses. In the absence of direct measurements of presynaptic calcium currents, however, it is still unknown whether calcium channels in nerve terminals in the vertebrate CNS behave in a manner similar to those in neuronal cell bodies, where they have been well characterized (Mintz et al., 1992a) , but where their exact function often remains unclear. While imaging techniques have been used at vertebrate central synapses to measure changes in presynaptic calcium concentration (Wu and Saggau, 1994) , they were unable to provide an accurate description of the kinetics of the presynaptic calcium current.
To examine the nature of the presynaptic calcium channels that underlie transmitter release at synapses in the vertebrate CNS, we used a brain slice preparation of the glutamatergic magnocellularis synapse in the chick auditory brainstem. The magnocellularis synapse is formed between large calyx-shaped nerve endings of auditory nerve afferents and the soma of neurons in the cochlear nucleus magnocellularis (NM) (Fig. IA) . There is no evidence of gap junctions at this synapse (Parks, 1981; Jhaveri and Morest, 1982; Rubel and Parks, 1988) . This synapse is specialized to transmit the phase information and filter out the intensity information carried by incoming VIIIth nerve spike trains (Takahashi et al., 1984) . Transmission at this synapse is fast, and the postsynaptic response is mediated mainly by AMPA receptors and to a lesser extent by NMDA receptors (Nemeth et al., 1983 (Nemeth et al., , 1985 Trussell et al., 1993; Zhang and Trussell, 1994) .
We used whole-cell patch-clamp recordings (Hamill et al., 1981) from the presynaptic terminal and postsynaptic neuron to record calcium currents and measure transmitter release directly. The specific calcium channel blockers w-Aga IVA, w-CgTx GVIA, and nifedipine were used to identify the presynaptic calcium channels and characterize the calcium currents that trigger transmitter release at this synapse. We find that transmitter release at the chick magnocellularis synapse is triggered by a presynaptic calcium current sensitive mainly to w-CgTx GVIA and only partially to w-Aga IVA. The pharmacological and electrophysiological properties of the presynaptic calcium current differ from those of calcium currents in neuronal cell bodies and from those at other synapses studied so far. Figure 1 . A, Schematic drawing of a slice through the chick cochlear nuclei. Vllln, VIIIth nerve; NA, nucleus angularis; NL, nucleus laminaris; NM, nucleus magnocellularis; ZV, IVth ventricle; PRE, presynaptic whole-cell patch electrode; POST, postsynaptic patch electrode. B, Lucifer yellow-fills of NM neuron (i) calyx terminal of an VIIIth nerve afferent (ii), and glial cell in NM (iii). Arrows point to axon of postsynaptic neuron (i) and presynaptic afferent (ii). Scale bar, 10 pm.
Materials and Methods Results
White Leghorn chick embryos were used at days E18-20; 200-300 km thick coronal slices were cut through the brainstem (Fig. 1A ) and stored in oxygenated chick saline. Experiments were carried out at 35°C. A fixed-stage Zeiss microscope (Axioskop) fitted with a long working distance 40X water-immersion objective and Nomarski optics was used to view the slice. Whole-cell patch-clamp recordings (Hamill et al., 1981) were made from calyces and NM neurons on the surface of the slice (Fig. 1A ). Recordings were made with an Axopatch-1D amplifier (Axon Instruments). Currents were leak-subtracted and filtered at 10 kHz. Data were collected for later analysis on an IBM clone microcomputer equipped with a TL-1 Interface and PClamp software (Axon Instruments). Borosilicate glass patch pipettes were uncoated and had DC resistances of 8-10 MR. Uncompensated series resistances were lo-25 MR and were compensated by about 80% and monitored during each experiment. Only those experiments during which the series resistance did not change by more than 30% were included for analysis. Standard internal solutions contained, in mM: 130 K gluconate, 10 HEPES, 5 NaCl, 1 MgCl,, 5 MgATP, 11 EGTA, 1 CaCl,; pH 7.3 with KOH. The external solution was composed of, in mu: 140 NaCl, 5 KCl, 5 CaCl,, 1 MgCl,, 10 HEPES, 20 glucose; pH 7.3 with NaOH. For measurements of presvnaptic calcium currents, internal solutions contained, in mu: 120-Cs gluconate, 20 TEA-Cl, 11 EGTA, 1 CaCl,, 10 HEPES, 1 MgCl,, 5 MgATP, 0.3 GTP; pH 7.3 adjusted with CsOH. The composition of the external solution was, in mu: 140 TEA-Cl, 5 4-AP, 0.5 PM lTX, 20 HEPES, 20 glucose, 1 MgCl,, 5 CaCl,; pH 7.3 adjusted with TEA-OH. In some experiments, the-int&nal patch hipette solution also contained 0.2% Lucifer yellow (Aldrich Chemicals). Stock solutions of o-CgTx GVIA (Peninsula Laboratories, California and Sigma Chemicals) and w-Aga IVA (Alomone Laboratories, Israel) were diluted to appropriate concentrations in saline containing 1 mg/ml cytochrome C just before the experiment. Stock solutions of nifedipine (Sigma Chemicals) were made in ethanol and the final concentration of ethanol in the bathing medium was 0.01%. Cytochrome C and ethanol had no effect on synaptic transmission. Toxins were applied to the bath (bath vol. = 1 ml) with Hamilton syringes and bath perfusion was maintained at 1 ml/min during toxin application. Figure 1B shows Lucifer yellow fills of a NM neuron (Fig. I&) , the presynaptic calyceal terminal of an VIIIth nerve afferent (Fig. lWi) , and a glial cell (Fig. 1Siii) in the rostra1 region of the nucleus. At this embryonic stage, NM neurons have ovoid cell bodies with few dendrites (Fig. 1Bi) . Each NM neuron receives a maximum of two nerve terminals on its soma (Jhaveri and Mores& 1982; Rubel and Parks, 1988) . Presynaptic calyces varied greatly in appearance, but were always found tightly apposed to the NM soma. They sometimes appeared as crescentshaped structures along one "side" of the NM soma, or formed a cap or calyx which covered about a third of the NM soma surface. Glial cells, by contrast, were found close to, but not tightly apposed to NM cells. Their somata appeared round or oval and had clear processes spanning two or three NM cell bodies (Fig. 1Biii) .
Effects of calcium channel antagonists on transmitter release
Transmitter release was evoked by extracellular stimulation of single VIIIth nerve afferent axons with a glass pipette. Excitatory postsynaptic currents (EPSCs) were measured with wholecell patch electrodes from the soma of NM neurons. In normal external saline, EPSCs were generally 4-8 nA in amplitude at a holding potential of -70 mV, reached their peak values in less than 0.5 msec and had a fast decay time constant of about 1 msec (see also Trussell et al., 1993) . EPSC amplitudes were stable, decreasing by lo-15% of their original value 30 min after first establishing the whole-cell recording. In some experiments, active responses, probably due to imperfect voltage control of the NM soma and proximal axon, were superimposed on the falling phase of the EPSC. These experiments were not included for analysis. We examined the effects of the calcium channel blockers nifedipine, o-Aga IVA, and w-CgTx GVIA on EPSC amplitudes; 10 pM nifedipine had no effect on the EPSC. Its effect on the presynaptic calcium current could not be distinguished from rundown of the current (data not shown), suggesting that L-type channels (Fox et al., 1987) are not present in the presynaptic membrane. Figure 2 shows the effects of w-Aga IVA and o-CgTx GVIA on EPSCs. The EPSC was reduced by 34% -+ 5% (n = 4 animals) by 200 nM o-Aga IVA (Fig. 2Ai,Bi) . Increasing the concentration of o-Aga IVA up to 1 FM had no further effect. The remaining EPSC was blocked completely by 500 nM u-CgTx GVIA. In the absence of w-Aga IVA, l-2 PM o-CgTx GVIA produced complete block of the EPSC (Fig.  2Aii ,Bii), while 500 nM w-CgTx GVIA blocked it by 90% (Fig.  2Bii) . The block by o-CgTx GVIA was not reversed by prolonged washing with normal saline. In some experiments, the effect of w-Aga IVA showed a limited reversibility, but the extent of reversal varied (between 5-15%). Thus, the calcium channels underlying transmitter release at the chick magnocellularis synapse appear to be dihydropyridine-insensitive and sensitive to w-CgTx GVIA and o-Aga IVA.
In order to determine whether the block of the EPSC by o-Aga IVA and o-CgTx GVIA resulted partly from an effect of these toxins on the postsynaptic glutamate receptors, we examined the effects of o-Aga IVA and o-CgTx GVIA on the amplitude distribution of spontaneous miniature excitatory postsynaptic currents (MEPSCs) recorded from NM neurons. MEPSC frequency varied between 0.5-llsec in different preparations. MEPSCs typically exhibited broad amplitude distributions, skewed towards low amplitudes, with the majority of MEPSCs being 30-40 pA in amplitude (see also Trussell et al., 1993 ). An EPSC (-4 nA) evoked by a single action potential would thus comprise of, on average, 100 MEPSCs. Figure 3 shows the effects of bath application of these toxins on MEPSC amplitudes in experiments carried out in two different slices. MEPSCs were continuously recorded in saline for about 10 min before the toxin was applied to the bath. Following toxin application, recording of MEPSCs continued until the seal deteriorated, which was usually after a further 20 min. o-Aga IVA and w-CgTx GVIA had no significant effects on the amplitude distribution, indicating that their effects on transmitter release had a presynaptic origin.
Effects of calcium channel antagonists on the presynaptic calcium current We determined the sensitivity of the presynaptic calcium current to o-CgTx GVIA and w-Aga IVA. Two types of presynaptic depolarizations were used to evoke calcium currents. First, pre- synaptic calcium currents were evoked with conventional step depolarizations of the terminal; 200 nM w-Aga IVA and 2 p,M w-CgTx GVIA respectively reduced the peak step-evoked presynaptic calcium current by 25% + 10% (n = 4) and 100% (n = 8) (Fig. 4Ai ,ii, C). Sequential administration of 200 nM w-Aga IVA and 2 pM w-CgTx GVIA to the same presynaptic calyx resulted in complete block of the calcium current (n = 4; Fig.  4B ). Second, presynaptic calcium currents were evoked by depolarizing voltage ramps which resembled the presynaptic action potential waveform (for example, see Fig. 7Ai ). The contribution of different types of calcium channels to the total presynaptic calcium influx that precedes transmitter release may depend on the duration of the depolarization that activates them (McCobb and Beam, 1991) . Thus, an action potential-like depolarization gives a physiologically more relevant estimation than longer step depolarizations would of the contribution of w-CgTx GVIA and w-Aga IVA-sensitive components to the total calcium influx that precedes transmitter released by a natural action potential. This is especially important in this study, because EPSCs were evoked by presynaptic action potentials rather than longer step depolarizations of the calyx (Fig. 2) . With ramp depolarizations, the calcium current was exclusively a "tail" current. Tail currents were blocked to different extents by w-Aga IVA and w-CgTx GVIA (Fig. 5) ; 200 nM w-Aga IVA had a small effect on the peak tail current, blocking it by 16% + 4% (n = 4) (Fig. SAi,Bi) . Sequential application of 200 nM w-Aga IVA and 2 PM w-CgTx GVIA resulted in complete block of the calcium current (Fig. 5Ai) . In the absence of w-Aga IVA, 500 nM w-CgTx GVIA reduced the tail current by 55% ? 10% (n = 5) (Fig. 4Aii,Bii) and 1 FM w-CgTx GVIA blocked it completely (Fig. 5Aiii) .
Comparison of the presynaptic calcium current with N-and P-type currents Since w-CgTx GVIA and w-Aga IVA block N and P-type calcium channels in other preparations (Mintz et al., 1992a; Pfrieger et al., 1992) , we were interested in knowing in what ways the calyx calcium current resembled or differed from N and P-type currents. A-single characteristic feature of w-CgTx GVIA-sensitive N-type currents is their high activation threshold which is around -30 mV (Fox et al., 1987; Stanley and Goping, 1991; Yawo and Momiyama, 1993) , and neuronal P-type channels show a relief of block by w-Aga IVA upon repeated depolarization of the membrane during toxin application or during the washout process (Mintz et al., 1992a) . We found that, in these two respects, the calyx calcium current differed from N and P-type calcium currents. The presynaptic calcium current activated at ca. -50 mV from a holding potential of -70 mV Fig. 6Ai ,ii) and reached its maximum amplitude at ca. -10 mV in less than 2 msec (n = 27; Fig. 6Ai ). The current showed little voltage-and time-dependent inactivation, as indicated by the monotonic increase in the amplitude of tail currents with increasing depolarization (Fig. 6Ai,ii) . Similar monotonic increases occurred in both 3 mu and 5 mM external calcium concentrations (data not shown), suggesting a lack of calcium-dependent inactivation in this physiological range of calcium concentrations. To compare the characteristics of the w-Aga IVA component of the calyx calcium current with those of P-type currents in mammalian neurons (Mintz et al., 1992a) , we attempted to reverse the block of the calcium current by repeated depolarizations of the presynaptic terminal during washout of the toxin. Figure 6B shows the calcium current in one presynaptic terminal, during application of 200 nM w-Aga IVA and subsequent depolarization during washout of the toxin. The block by w-Aga IVA could not be reversed by repeated stimulation of the presynaptic terminal to potentials ranging from +50 to + 100 mV (holding potential = -70 mV) during washout of the toxin (n = 3).
Effects of calcium channel antagonists on action potentials
Because the effects of the toxins on EPSCs were determined in conditions where the sodium and potassium currents were not blocked ( Fig. 2) , it is possible that the toxins affected EPSCs by affecting some components of these currents in addition to the calcium channels opened by the action potential. We therefore examined the effects of these toxins on the waveform of presynaptic and postsynaptic action potentials under current-clamp conditions (Fig. 7) . Action potentials in the calyx were evoked either by stimulation of the presynaptic axon with an extracellular glass pipette or by injecting current pulses into the calyx through the recording whole-cell patch electrode. Extracellular stimulation produced one orthodromic action potential for each stimulus (Fig. 7Ai) , while current injection caused repetitive spiking of the calyx (Fig. 7Aii) ; 2 FM o-CgTx GVIA and 200 nM o-Aga IVA had no significant effect on the amplitude or duration of action potentials in the calyx (Fig. 7Ai ,ii) or NM neurons (Fig. 7Bi,ii) . Thus the effect of the toxins appears to be confined to presynaptic calcium channels. The lack of toxin effect on the presynaptic action potential also suggests that the calcium influx that triggers transmitter release in response to a presynaptic action potential at the magnocellularis synapse must occur mainly at the end of or just after the presynaptic action potential, and that release is an "off response" in physiological conditions. This is also suggested by the experiment outlined in Figure 5 , where calcium currents generated by 2 msec presynaptic action potential-like depolarizations were "tail' currents.
A (i) 60
(ii Criteria for distinguishing between the calyx, NM neuron and glial cells Recordings were attempted only from calyces that were clearly visible, but because the presynaptic calyx is tightly coupled to the postsynaptic neuron, inadvertent recordings were often made from the NM neuron. Clear differences were observed, however, between currents expressed by the calyx and the NM neuron. These criteria were assumed to be more reliable than visual identification in distinguishing between pre-and postsynaptic recordings. For example, in normal external saline, presynaptic calyces could be distinguished from NM neurons by differences in their pattern of spiking in response to current injection: long current pulses consistently evoked multiple action potentials in the calyx (Fig. 8Ai ) and a single one in the NM soma (Fig. 8Aii) . When sodium and potassium currents were blocked, calyces and NM neurons were distinguished by the kinetics of their respective calcium currents. In contrast to presynaptic calcium currents (Fig. 6A) , those in the postsynaptic NM neuron activated at ca.
-30 mV from a holding potential of -70 mV, and showed two components: one rapidly inactivating, the other sustained (Fig.  SB) . The sustained component was partly blocked by 5 pM w-CgTx GVIA and partly by 2 FM nifedipine. The transient component showed little sensitivity to either blocker (data not shown). In some experiments, Lucifer yellow was included in the patch pipette to confirm the recording site and the calcium currents associated with it (Fig. 1B) . Electrophysiological responses were also used to differentiate between calyces and glial cells. Glial cells showed no inward currents in response to voltage-clamp steps, and had small (-100 pA maximum amplitude) outward currents in normal external saline.
Discussion
The large size of the presynaptic terminals made by auditory afferents onto magnocellularis neurons in the chick has enabled us to examine directly the presynaptic calcium currents underlying transmitter release at a glutamatergic synapse in the chick auditory brainstem. Our results show that both the presynaptic calcium current and transmitter release are insensitive to nifedipine (up to 10 PM), but are blocked completely by l-2 pM o-CgTx GVIA and partially (1625%) by 200 nM w-Aga IVA. Similar effects of these two toxins have been observed on potassium-stimulated influx of calcium in chick brain synaptosomes (Mintz et al., 1992b; Lundy et al., 1994) . At many mammalian glutamatergic synapses, however, release appears to be predominantly sensitive to w-Aga IVA (Turner et al., 1992; Takahashi and Momiyama, 1993; Regehr and Mintz, 1994; Wheeler et al., 1994a,b) .
Overlap of block of the calyx calcium current by w-Aga IVA and w-CgTx GVIA In somata of mammalian central neurons, o-CgTx GVIA and w-Aga IVA block calcium currents in a nonoverlapping fashion, suggesting the presence of two distinct types of calcium channels (Mintz et al., 1992a Time (s) Figure  6 . A, Presynuptic calcium currents evoked during 15 msec (i) and 100 msec (ii) step depolarizations from -70 mV to +70 mV, in 20 mV increments. Recordings shown in i and ii are from two different calyces. Each calyx was held at -70 mV, and depolarized to the voltage (in mV) indicated on the left of each trace. Successive depolarizations were separated by 2 sec. Each trace shown is the average of two traces. B, Repeated depolarization of a presynaptic calyx during washout of 200 nM o-Aga IVA. Currents were elicited at 10 set intervals with 60 msec step depolarizations from -70 mV to -10 mV, o-Aga IVA was applied at the arrow, and the current allowed to reach a steady level, which occurred about 3 min after toxin application. The terminal was then stimulated with a train of conditioning pulses, corresponding to each horizontal bar. Each conditioning train consisted of 10 pulses, 60 msec long, during which the terminal was stepped from -70 mV to +80 mV. Calcium currents were recorded beginning 100 msec after the end of the conditioning train, and were evoked using the same protocol as before the conditioning train. Rundown of the current is evident, but there was no recovery from the block by w-Aga IVA. hibited by o-CgTx MVIIC (Lundy et. al., 1994) , which blocks both N-and P-type calcium channels in mammalian neurons (Hillyard et al., 1992) . Lundy et al. (1994) interpreted this overlap to mean that a single type of calcium channel (an NP type), sensitive to both w-Aga IVA and w-CgTx GVIA is present in chick brain synaptosomes. An overlapping block of calcium influx into chick brain synaptosomes has also been reported by Mintz et al. (1992b) , who concluded, inspite of the overlap, that two distinct types of calcium channels were present in chick synaptosomes.
We can interpret the overlap observed at the chick magnocellularis synapse in at least two ways. First, it is possible that two distinct calcium channels coexist in the presynaptic terminal and that, even at low concentrations (1 FM), o-CgTx GVIA has a blocking action on several calcium channels, including nonspecific effects on a channel sensitive to o-Aga IVA. At micromolar concentrations, o-CgTx GVIA might be specific for Ntype calcium channels in mammalian CNS neurons, while it might target a broader class of calcium channels in the avian CNS. Second, if one assumes that l-2 pM o-CgTx GVIA acts with the same specificity at the magnocellularis synapse as it does in mammalian neurons, then the overlapping effects of w-CgTx GVIA and w-Aga IVA might indicate that all the presynaptic calcium channels are specifically blocked by w-CgTx GVIA (that is, all channels are of a single type), and that w-Aga IVA causes a partial block of the w-CgTx GVIA-sensitive channels. Our results do not allow us to resolve this issue at present.
Contributions of the w-CgTx GVIA and o-Aga WA-sensitive components of the presynaptic calcium current to transmitter release The overlapping effects of these toxins on transmitter release may be due to their overlapping effects on the presynaptic calcium current and/or to a nonlinear relationship between the presynaptic calcium current and transmitter release (Augustine et +30- and Laurent * Presynaptic Calcium Currents in Vertebrate CNS al., 1985b) . At the chick magnocellularis synapse, the relationship between the presynaptic calcium current and transmitter release does indeed appear to be nonlinear. If we assume that two distinct presynaptic calcium channels contribute to the total calcium influx that precedes transmitter release, then we can estimate the degree of nonlinearity from the partial block of both the EPSC and the calyx calcium tail current by 500 nM w-CgTx GVIA or 200 nM o-Aga IVA. This nonlinearity is the value of the power m in the expression A = (1 -u)~, where A is the fraction of the EPSC remaining in the presence of the toxin, and a is the fraction of the calcium current blocked by the same concentration of toxin (Takahashi and Momiyama, 1993) . For 500 nM w-CgTx GVIA, we determined from Figures 2Bii and 5Bii that A = 0.1 and a = 0.55. Therefore, m = 2.88, suggesting a third-power relationship between the presynaptic calcium current and transmitter release at this synapse. A value of m = 2.38 was obtained with 200 nM o-Aga IVA. An exponent of II = 3-4 has been obtained using fluorescence measurements at the guinea pig hippocampal CA3-CA1 synapse (Wu and Saggau, 1994) . The relative contribution of calcium influx through the o-Aga IVA and w-CgTx GVIA sensitive channels to the release of transmitter may depend on the duration of the presynaptic voltage step used to evoke release. o-Aga IVA blocks about 16% of the calcium current evoked by 2 msec ramp depolarizations and 25% of that evoked by 100 msec step depolarizations. This difference suggests that the contribution of the o-Aga IVA sensitive component to the total presynaptic calcium current might be less when it is evoked naturally, that is, by an action potential that invades the terminal. Under these conditions, the calcium current is mainly a tail current and therefore, release evoked by a natural action potential must be an "off response," occurring after the action potential is over. The tail calcium current is blocked completely by o-CgTx GVIA but very slightly by w-Aga IVA. Thus, most of the "relevant" calcium influx in response to a single presynaptic action potential occurs through the o-CgTx GVIA sensitive calcium channels, which are activated mainly at the end of or after the action potential. When the action potential waveform is broadened, however, or under conditions where there is a prolonged depolarization of the nerve terminal, such as is simulated by rectangular voltage steps, the calcium current activates during the depolarization, and transmitter release would be evoked both during the depolarization (an "on response") as well as after the depolarization (an "off response"). With prolonged depolarizations, one might expect that the contribution of the w-Aga IVA-sensitive component to the total calcium influx, and thus to transmitter release, would increase. When chick brain synaptosomes are stimulated for several seconds with high potassium, w-Aga IVA blocks 45-70% of the asCaz+ influx (Lundy et al., 1994) . Taken together with our results obtained with 2-100 msec presynaptic depolarizations, these results support our hypothesis that calcium influx through the o-Aga IVA channel increases with the duration of the presynaptic depolarization and suggest that different calcium channels may contribute different amounts of current to the total calcium current, and hence to release, depending on the duration of the presynaptic depolarization.
Comparison of the calyx calcium current with calcium currents in neuronal cell bodies and at other synapses The electrophysiological properties of the chick magnocellularis calyx calcium current show both similarities and differences with N-and P-type calcium channels in neuronal somata. The calyx calcium current activates at about -50 mV, which is lo-20 mV more negative than the activation threshold of other, w-CgTx GVIA-sensitive N-type calcium channels (Fox et al., 1987) . Like P-type channels in mammalian neurons (Mintz et al., 1992a; Usowicz et al., 1992) , the calyx calcium current shows little voltage-dependent inactivation. It differs from Ptype currents, however, in the lack of recovery of block by w-Aga IVA by repeated depolarizations. Such a lack of recovery from block could result from poor voltage control of the presynaptic calyx, which sometimes extends finger-like processes onto the surface of the postsynaptic soma (Rubel and Parks, 1988) . Our records of the presynaptic calcium current (the rapid onset of the current and the fast kinetics of the tail current), however, indicate that there is adequate space clamp of the calyx, at least with voltage steps of 5 msec or longer. Therefore, it is likely that the lack of recovery from block by w-Aga IVA is a property of the presynaptic calcium channels themselves. In this lack of recovery, the w-Aga IVA sensitive calyx calcium current resembles the rat brain rbE-II current (Soong et al., 1994) , but differs from current through P-type channels in mammalian neurons (Mintz et al., 1992a) . It may be similar to Q-type currents (Wheeler et al., 1994a) , which are also sensitive to low concentrations of w-Aga IVA (Wheeler et al., 1994b) .
The calyx calcium current has properties which both differ from and resemble those described at other vertebrate and invertebrate synapses. In rat pituitary nerve terminals, the presynaptic calcium current activates at more depolarized potentials than the calyx current and is affected by N-, L-, and P-type channel blockers (Lemos et al., 1994) . In the chick ciliary ganglion, the presynaptic calcium current is insensitive to nifedipine (Stanley and Atrakchi, 1990) and predominantly blocked by w-CgTx GVIA (though the block is not complete), and has a high activation threshold (about -30 mV) (Stanley and Goping, 1991; Yawo and Momiyama, 1993) . The magnocellularis calcium current most closely resembles the presynaptic calcium current at the squid giant synapse in its low threshold of activation and its lack of inactivation (LlinBs et al., 1981a; Augustine et al., 1985a) but differs from it in its toxin sensitivity (Charlton and Augustine, 1990) .
It is conceivable that the low activation threshold of the presynaptic calcium current at the chick magnocellularis synapse is especially suited to ensure the "fail-proof" release of transmitter needed to accurately convey the phase information of the processed sound signal (Takahashi et al., 1984) , perhaps even in situations where the failure of a presynaptic action potential to invade the terminal would result only in a suboptimal depolarization. Thus, calcium channels in nerve terminals, though responsive to many of the same toxins as those in neuronal cell bodies or dendrites, may have acquired, through evolution, electrophysiological properties unique to their role in the release of neurotransmitter.
